Abstract-This paper describes a tactile sensor design, allowing data acquisition from a sensor array using a single wire. The sensor is implemented as a filter. Sensor excitation changes filter characteristics, and the pressure profile can be recovered from the filter's impulse response. The method is also applicable to sensor arrays for other scalar fields than pressure, such as heat, proximity, or radiation. Several methods of data extraction from the impulse response are discussed, and experimental implementation results are presented.
I. INTRODUCTION
A TACTILE sensor is an array of sensor elements, sensing mechanical pressure distributed over the array. It is perhaps the most common special case of a more general class of scalar field sensor arrays, sensing the value of a physical field at a set of points, forming a line or a surface grid. Tactile sensors have applications in, e.g., robotics, where they provide the feedback necessary for precision manipulation.
Often, tactile sensors [1] - [5] are designed as arrays of wires, as in the top left of Fig. 1 , where each sensing element is read individually by multiplexing the wires. A common problem for this type of sensor is the large number of wires needed for reading data from the sensor array.
However, it is possible to reduce the amount of wiring by designing the sensor array as an analog filter. When a field affects the sensor, the filter characteristics changes. This change can be detected by sending an impulse through the filter and reading the impulse response. The original pressure profile is computed from this response. Here, arrays of discrete element sensors are of interest. For a discussion of continuous distributed sensors, i.e., in the limit, where the element size approaches zero, see [6] and [7] . To the author's knowledge, the first paper suggesting a filter-type discrete array is [8] . It proposes a filter bank of parallel bandpass filters, where each tactile element contains a filter and a switch. This sensor is of the on-off type, and can sense pressure position, but not magnitude. A similar method using micromachined coils, causing a frequency shift when excited, is presented in [9] . A disadvantage with the filter-bank method is that each element must be individually tuned to a unique frequency. The sensor is not a uniform sequence of identical cells. Publisher Item Identifier S 1083-4435(00)07825-X. There are designs where sufficient capacity for signal processing and multiplexing has been integrated into the sensing elements [1] . Wiring can be reduced in this way, but the element cost is higher.
Yet another approach is where sensor data is registered optically, by a video camera. Although little wiring is necessary, the processing of data is costly, and an unobscured line of sight is required between the sensors and the pickup lens/fiber [1] . There is also work on a single-wire resistive sensor for pressure, and the position of the centroid of the load [10] . Unfortunately, it has no obvious generalization to field sensing.
Our aim is a tactile sensor, which uses inexpensive components, but at the same time allows reading a complete pressure profile over a single wire. A variation of the filter idea allows us to design the sensor as a uniform sequence of elements: An impulse is sent through a delay line, consisting of a chain of delay elements, with a tap after every element. Tap is coupled to the output via a tactile element, where the coupling coefficient is controlled by tactile-element excitation. The output is (1) where is the element delay. If is a Dirac pulse, can be read out directly in the time domain.
A tactile sensor based on a similar principle is described in [11] . It senses a field by mechanically "dragging" tactile elements through the field. The element outputs are fed into the delay line taps, and the output from the delay line is the sensor 1083-4435/00$10.00 © 2000 IEEE output. The whole sensor, including the delay line, is integrated on a chip. An advantage with this method is that fewer tactile elements are necessary for high-resolution sensing, but mechanical actuation is necessary, and the speed is limited by the mechanical dragging speed.
Our primary contribution is to demonstrate that a distributed sensor can be implemented as a uniform network, and to present a method for efficiently extracting the data.
This paper is organized as follows. In Section II, terminology is introduced, and the problem is defined. In Section III, an network implementation is theoretically analyzed. Data extraction methods are proposed in Section IV. Section V describes experimental results, and Section VI concludes the paper.
II. THE PROBLEM
In this section, some basic notation is introduced, in which the problem can be stated.
Throughout this paper, denotes the imaginary unit. The Fourier transform of a function is denoted by . Arguments are abbreviated, and and are simply written, when there is no risk for ambiguity. When for , as is usually the case in this paper, (2) In the sensor, standard signal-processing elements are used such that an input signal passing through an element with transfer function is output as . The sensor is composed of a series of delay elements and transducer elements , , where is connected to the th output, and where outputs are summed, as illustrated in Fig. 2 . and have transfer functions and , where is the coupling factor, assumed to be a function of pressure , but independent of . When is known, the pressure profile can be recovered by . For example, a linear piezoresistive transducer can be arranged so that and . Here, is the zero pressure conductance, and is the incremental conductivity in /N. It is assumed by convention that . The delay line is excited with a pulse , and the response is measured. It is assumed that transducer-element impedance is much larger than delay-element impedance, . Then, can be written The problem can be divided into two subtasks: 1) design of a delay element with a suitable transfer function ; 2) extraction of pressure coefficients from a measurement of . These questions will be studied in the following two sections, respectively.
III. SENSOR DESIGN
There are many ways in which a delay line can be realized. Here, the delay element is implemented as an electrical filter. Other realizations are possible, but the filter approach has the following advantages.
1) It is inexpensive and compact.
2) It has an inherent ability to filter out high-frequency noise.
3) It allows fast data extraction. An filter is not a "perfect" delay in the sense that the output is for an input voltage pulse . However, it does have a transfer function , sufficiently resembling a delay that the neighboring coefficients and can be recovered from the filter response, as will be seen in the next section.
Let us first assume that an infinite sequence of filters exists. Since the delay line is infinite, the impedance of the whole line equals the impedance of the same line, with the first delay element removed. This leads to the equation shown symbolically in Fig. 3, i. e., The problem is scaled by a change of variables (6) where . A constant damping factor is also introduced, modeling the resistive losses. For small losses, a straightforward analysis gives the estimate (7) where and are the equivalent series resistances for the inductors and capacitors, respectively. The transfer function can now be written as (8) For angular rates , the transfer function is purely imaginary and approaches zero quickly. Fig. 4 shows as a function of . The black dots are examples of points at equidistant values, typically as computed by a numeric Fourier transform. The curve displays a marked change of character at . can be expressed as (9) Here, , , and are known from measurements, and the remaining task is to compute the from these values. If is a Dirac pulse, after stages in the delay line, the pulse will look like (10) Fig. 5 . A mirror argument says that the finite network is equivalent to two superimposed infinite networks. or in the time domain, after an inverse Fourier transform, (11) where is the th order Bessel function. The function assumes its maximum near . From [12] , (12) so the amplitude of the pulse will decay roughly as . There will be some flattening of the peaks along the delay line, besides the damping due to resistive losses.
Initially, the delay line was assumed to be infinite. In reality, the delay line must be finite. One way of handling this discrepancy is to terminate the delay line with a circuit that simulates the infinite "tail." Unfortunately, this cannot be done easily with a passive network. Another way is to take advantage of the signal reflection in the unterminated network. This provides us with additional measurement data, since the reflected pulse returns along the line, producing another round of outputs. Fig. 5 illustrates a mirror-image argument of wave propagation theory, which says that the reflection is the same as the corresponding pulse in two superimposed infinite symmetric networks, sending identical pulses in opposite directions. In other words, if there are stages on the delay line, can be defined for an equivalent "virtual" infinite network, which produces the same output as the finite version, by (13) There will be subsequent reflections at , making periodic with period .
IV. EXTRACTION OF PRESSURE DATA
Let be the sensor output , divided by the pulse shape and the transducer characteristic ,
Then, is a linear combination of basis functions of the form (15) A direct method of extracting from a measurement of is linear regression, but this method requires processing time.
A faster and more numerically stable method uses an orthogonal relation for Bessel functions [13] (16) where is the Kronecker . Multiplying (15) by and integrating, the following is obtained:
This method requires time. The Bessel function values can be computed quickly, in time , with the algorithms described in [14] .
There is a third method, with complexity. Substituting for in ,
since is periodic with period . Here, is recognized as Fourier coefficients, which can be computed by a discrete inverse Fourier transform (19) where . The procedure can be performed with fast Fourier transforms (FFTs) in time. Unfortunately, a large constant is involved, so for relevant magnitudes of , the previous method was found to be superior. It is also more stable numerically.
V. EXPERIMENTAL RESULTS
In this section, an experimental implementation is described. Issues that are important for practical implementations are also mentioned.
An experimental device to test the sensor principle has been has been built, using off-the-shelf components. The circuit is shown in Fig. 6 . The delay line is 20 stages long, and each stage consists of a 10-H inductor and a 0.1-F polycarbonate capacitor. The inductors are magnetically shielded by small pieces of -metal foil. The inductors' equivalent series resistance was specified as less than 0.033 , and the loss factor of the capacitor at 10 kHz was specified as , for an estimate of , according to (7) . The line is excited by a 1-s pulse from a microprocessor, current amplified by a MOSFET source follower, which is decoupled by a low-ESR 22-F electrolytic capacitor. Two resistors are connected to taps 8 and 16, simulating pressure ( ) at these positions, while the others are unconnected ( ). Fixed resistors are chosen for reproducibility of the experiments. Measurements were made directly from the output, without filtering or amplification, using a Tektronix THS 720 oscilloscope, sampling in the range 12.5-25 M samples/s. The input excitation pulse and its first four reflections are shown in the oscilloscope snapshot in Fig. 7 . The output is shown in Fig. 8 .
In order to calibrate , the time was measured for the first reflection at the start of the delay line, and estimated as s, where is where the maximum of occurs. was estimated in a similar way. If is the peak amplitude of the first reflection, and is the peak amplitude of the second, the damping factor is (20)
In our experiment, . The second method of the previous section, using the orthogonal relation, was found to be the best for computing the pressure profile. The excitation pulse is close to a Dirac pulse, so deconvolution with the Fourier transform of the input makes only minor difference, and the result is shown in Fig. 9 . In this figure, the pressure profile, as well as its mirror image due to reflection, can be clearly identified. The coefficients are scaled to lie in the approximate range 0-1. The damping and flattening of peaks is the main factor limiting resolution in this experiment. Generally speaking, if is the minimum in decibels of the signal-to-noise ratio and the A/D converter resolution, the maximum spatial resolution is on the order This agrees with our experimental setup, where spatial resolution is limited to 50-100 elements, judging from Fig. 9 . There were no serious noise problems, but this may change if highimpedance transducer elements are used, instead of simple resistors as in our experiments. One way to handle this is to reverse the roles of input and output; high-frequency noise generated by the transducer elements will be efficiently filtered through the delay line. However, output signal strength will be reduced due to lower charge injection.
VI. CONCLUSIONS
A simple and inexpensive method of implementing a tactile sensor using an network has been described. The sensor operates as a filter, which changes characteristics depending on the excitation. The pressure profile can be extracted from the pulse response on a single wire. The filter allows a spatial resolution on the order of 50 elements in our experimental setup, with a readout time of about 1 s per element.
